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ABSTRACT

We analyze the spatial coherence of therma field emitted from a lossy didectric dab using fluctuation-dissipation
theorem.! For a given wavelength 4 , the coherence property varies drastically with the distance from the slab surface.
The coherence length is roughly /2 in the far-field zone, but in the extreme near-field zone, it is many orders of
magnitude smaller than A, dueto spatially fluctuating surface charges at the air-dielectric interface. On the other hand,
in the intermediate near-field zone, the coherence length can be much longer than A/2 if thelossis small, because of

the presence of waveguide modes of the dab. Such long-ranged coherence falls off approximately as 1/ Jx, in contrast
to 1/x for a blackbody radiator, where x refers to displacement parallel to the slab surface. Furthermore, at a point of
fixed distance from the dab surface, the frequency spectrum of the local energy density exhibits distinct fluctuation
pattern, which is shown to be closely related to the waveguide dispersion relation.

Keywords: near-field, partial-coherence, spatial-coherence, fluctuation, thermal radiation, didlectric dab, statistica
optics, thermo-photovoltaic, waveguide, thermal antenna.

1. INTRODUCTION

An important property of a thermally radiative source is its degree of coherence. In general, the coherence property of
such a source is characterized by the cross-spectral density tensor:?

W1, 0)8(0-a') = <E(r1,w) ®F (rz,a)')>, )

at a given frequency @ . Here E(r,w) is the spectral Fourier transform of the eectric field E(r,t) . The superscript *
indicates the complex conjugate, ® isthe direct-product of two vectors and the brackets <> denote atherma ensemble
average.

It was recently recognized that the coherence properties of a thermally radiative body can be drastically different from
the blackbody radiator in systems such as microcavities,® photonic crystals,*® or in systems exhibiting surface modes
1011 “Moreover, such changes can be observed both in the near- and the far-field zones. In particular, Carminati et al.™*
have shown that in the near field of a polaritonic medium, the range of coherence can be larger than that of the far field
and is directly related to the propagating surface polariton mode at the interface between the polaritonic medium and
air.*®™ Such long-ranged coherence property has been shown to be useful, for example, in generating coherent thermal
radiation in grating structures.® Shchegrov et al.™® demonstrated the spectral changes of the energy density | (r,@) of

the eectric field in the near- and far-field zones of a semi-infinite bulk polaritonic materia in the frequency range that
supports surface waves. Also, the coherence property of thermal emission in the far field from a dielectric dab has been
investigated.**

Motivated by these recent developments, here we investigate the spatia coherence of the thermal field in the vicinity of
a dielectric dab, with particular emphasis at the near-field zone. In general, one might expect that the waveguide modes
in the didectric dab play an analogous role as the surface waves in the polaritonic media, and thus long-ranged
coherence should aso be observed in this class of structures. One might further speculate significant differencesin the
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spatial variation (r, —r,) of the cross-spectral density tensor W(rl,rz,w) at near- and far-field zones, analogous to the
spectral changes in the energy density | (r,@) =W(r,r',@)d°(r —r ') for semi-infinite mediaasin Ref. [13]. Our detailed
cal culations confirm these expectations. Specifically, three different zones of coherence behavior can be identified:

1. Extreme near-field zone (z, <<d), where the spatial coherence length of W(rl,rz,w) is much less than the

wavelength 4 . Hered isthe 1/e amplitude decay length in air of the evanescent tail associated with the guided modes
of the dlab at frequency w, r, and r, are chosen at the same height z, from the dielectric slab, and A4 = 2zc/w isthe
wavelength in vacuum.

2. Intermediate near-field zone, where the field shows long-ranged coherence behavior with coherence length larger than
A12 when thelossis small. In this low-loss case, the envelope of the trace of the cross-spectra density tensor decays

approximately as 1/+/x for large x, where x refersto displacement parallel to the slab surface.

3. Far-field zone (z, > d ): in which the coherence length is ~ A/2. The envelope of the cross-spectral density tensor
decays approximately as 1/ x .

2. FORMALISM

To begin with, we recapitulate the general notions as in Refs. [11, 13], and then develop the formalism for the specific
planar sab geometry of interest. We consider the geometry as shown schematicaly in Fig. 1. The homogeneous lossy
didlectric dab has afinite thickness a in the z direction (—a < z<0) , and extends infinitely in the x and y directions. The

dab iskept at a uniform temperature T in air.

—-z=0

)
———z=z

z=-d

Fig. 1. Schematics of the geometry. The gray region represents the dielectric slab with air above and below. r, and r, are
the two observing points above the dab. A plane z=z' with —a< z'< 0 ishighlighted by the dashed line.

From the fluctuation-dissipation theorem,™>*® the presence of loss leads to a fluctuating current density ](r ) at any

point r =(x,y,z) inside the dab. Such fluctuations are a time-stationary random process. The spectral representation
i(r,w) isrelated to its temporal representation by:'’

jr0 =" [de/r)]jr, e ™, 2
and j(r,w) satisfies the fluctuation-dissipation theorem:**

<](r DO (r',a)')> = 4rwe £ (@)@, T)E(r —1')6(w— @)l
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where | isthe 3x3 identity matrix, ©(w,T) = hw/(€"*'**" —1) is the mean energy above the zero-point energy of a
guantum harmonic oscillator in thermal equilibrium at temperature T, and £"(w) is the imaginary part of the dielectric
constant £(w) . Thefield radiated into the two half-spaces z>0 and z< —a isitsdf afluctuating quantity described by
atime-stationary random process E(r ,1) . The basic quantity of interest is the second-order coherence of vector fidldsin
the space-time domain:*®

T(ror,.7) E<E(r1,t) ®F (rz,t+7)> , ()
17,19

According to the Wiener-Khintchine theorem,
W(r,.r,,0) = j:f(rl,rz,r)ei“”dr , (5)

we can define the cross-spectral density tensor as

It follows that
W(rr,, @) 8(0—o) = <E(r1,w) ®F (rz,w')> ,
asin Eq. (1). Due to mirror symmetry of our system, we only focus on the radiated electric field in the region z>0
hereafter. It isrelated to j(r',w) by
E(r,0) =ig0f d°r'Gr o)), (6)

where the integration is performed over the volume V of the dab. a(r,r',w) is the Green dyadic of the considered
geometry. Using Eq. (3) and Eq. (6), we obtain

W(r,,T,,0) = 410’ 1, 6,6 "(w)@(w,T)jv G, @)G (fr' o). )

Thusto compute VH\/(r1 ,I,, @) , we need to obtain the expression for é(r ,I'',w) , which is described bel ow.

By exploiting the translational symmetry of the structure in the x and y direction, we can decompose G(r,r", @) into
spectral components of spatial wavevector B aong the two-dimensional x-y plane. For each component of f, two

independent  polarizations can be defined, namely, s polarization (§=B><2) and p polarziation

(P, =[Bz2+(y,1 BB J(BZ +772) ). Here B=IB], ¥, =\](nw/c)*~|BF , where the subscript j =1 denotes air and
j =11 denotes the dielectric material. Hence,

G(r.r.o={" Z;E%[Ts(ﬁ,z',w)§®§+Tp(ﬁ,z',a))ﬁ, ®p, |e7 >, ®)

for z,>0 intheair and ~a<z'<0 inthedab. T,(4,2',w) (& =s,p) isthe transmission coefficient of the s- or p-

polarized field to free space (denoted by subscript 1), from the source plane at z=z' inside the dab (denoted by
subscript I1), and is given by:?°

VN t, (ﬁ,w)[e_iy‘“#r; (B, 0) g (2a+z'):|
T;(ﬁ,Z,a))— 1_[r§(ﬁ,w)]2 g2na .

Here t, (8,w) and r, (8, ) are, respectively the Fresnel transmission and reflection coefficients at a single dielectric-air
interface.  Specifically, t.(8,0)=2y, (7, +7) and r(B8,®)=(y, -7)I(y +y) for s polarization; and

(9)

t,(B,w)=2nn,7, /(n?y, +n,x%) and r (B,@) = (n*y, —n,*%)/(n?y, +n,%y,) for p polarization. From Eq. (7) and
Eq. (8), W(r,,r,,®) can be computed.

If weset r, =(x,0,z) and r, =(0,0,z). The system would be cylindricaly symmetric. It is convenient to define the
polar coordinate = (5,¢) and re-express W(rl,rz,w) as
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. z i(n-7n) |/J'><OOS/;)
W(x,zc,w)z47:w3ﬂ02808"(w)®(w,T)_[ ﬁdﬁj.z d¢LJ._adZ'

41y, [
sin’¢ —singcosg O
|IT.(8, 2, @) [ | -singcosg ~ cosgp O (10)
0 0 0
Boily |7 Fcos’s |y [ cospsing -y, Bcosg
w2 (E] [ZHBE] e cosgsng 1y psnto —ypsng

= Beosg -1 Bsing s
With our choice of coordinate axis, all off-diagonal elements of W(x,zc,w) in Eq. (10) are zero after the integration
over ¢ . Hence W(x,zc,w) isdiagona and the tensorial components of W(x,zc,w) are evaluated to be;

Wiy (x,zo,a))=47m)3ﬂozeog“(w)@)(w,-|-).|' ﬁd,[ﬁ gt )|2ZO ,[_adz
(11)
@T(ﬁz o F 2B (52 ( Nmm j'% (J (5 J(ﬁx)ﬂl
px @ Iy [ Bx
Wy (X, 2, @) =47Z'a)3ﬂ02€08"(a))@)(w,'|').|' ﬁd,[ﬁ gl )|2ZO .[_adz
(12)
{IT(ﬁz o) (J (B "‘ﬁx’j+|uﬁz i [ j [ﬁﬂ%. j| . P J(ﬁx)}
ﬁ @ | I | ﬂX

and

B+
In, [

i -7)
W, (X, Z,, @) = 47e* 12, "() O (@, )j ﬁd,,ﬁe4|}, Zﬂ_f dz'|T,(8.2\ o)} (a)j[

Here J, and J, arerespectively the zeroth and first order Bessel functions of the first kind.

jﬁzJo(ﬁX)- (13)

The cross-spectral density tensor can also be expr&sed by the angular spectrum expansion:*"#

W(X Zg w) i Axcosg

. e (14
b ﬁj @ [W(p.9.2.0)

027:

W is the two-dimensional Fourier transform of W . As we will see |ater, this expansion of W will give considerable
physical indghtsto the underlying physical mechanisms that determine the coherence behavior.

From Egs. (13) and (14), W (83, z,, @) can be derived as:

W2z (B, 2y, @) = 4re’ 1,0 (a))G)(a)T) e )Zoj {IT (8,2, ) [ ( j {ﬁ +17 | jﬁz] (15)

aly, P In, [
which isindependent of ¢ . On the other hand, Wxx and Wy vary with ¢ in the following manner:
Wk (B.0,20,0) = S0° 9 |T,(B. 20, 0) F +C0S* 8 |T, (B, 20,) F [ j %m P, (16)
Wt (B.0,20,0) = 005’ §|T,(B. 2, @) F +S 81T, (B,20,) [wj %m . )

The sum of Wy« and Wyy , however is ¢ independent:
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Wx (8,8, 2y, @) +Wyv (3,0, 2,, @)

i(n-r)2% g 4R 2 18
=4m3ufeoe"(w)®(w:)%Lfﬂ'[ln(ﬁ,z',w)|2+|Tp(ﬁ,z',w) i [gj [%Jlmf}. (9

The ¢ -independent components of ,b’\ﬁ will be referred to as “ 5 -spectra’ hereafter. The pre-factor of £ isto account
for thelinear increase of the two-dimensional density of stateswith 5.

Finally by taking thetrace of W , i.e. Tr(W) =W, +W,, +W., , we define the coherence length as follows:

_ Zj:dx|Tr[\TV(x,zo,w)] §
S )= W= 0. @I

(19)

3. RESULTSAND INTERPRETATIONS
3.1 Spatial Coherence at various separ ations from the slab

We now use the formalism developed in Sec. 2 to investigate the coherence properties for the dab geometry. We are
interested in the case where the absorption in the dab is small such that the guided modes attenuate slowly. As we will
show in the following, these guided modes play a significant role in the coherence properties of the thermal fields. The
dielectric constant of the slab is chosen as 12+ 0.001i , which approximates that of heavily doped silicon.?” The dab is
assumed to bein air with dielectric constant of 1.

In Fig. 2 we show the dispersion relation of a lossless dab for both polarizations. The horizontal line indicates the
frequency @ = 0.075(2zc/a) , in which all the calculationsin this Sec. 3.1 are taken. At this frequency, the dabissngle

moded for both polarizations. The 1/e decay lengths (d, =1/iy, =1/Jﬁ§2 —(w/c)® , where ¢ =s, p) of the guided

modes are 6.81a for the s-polarized mode, and 49.25a for the p-polarized mode respectively. The decay lengths set the
length scale in classifying different zones of z, of distinct coherence patterns, as depicted in the Introduction.

0.2

0.15¢

0.1
5 0.075
0.05

(2mc/a)

- = = s—polarized mode
—— p—polarized mode

02 03 04 05
B (2n/a)

Fig. 2. Dispersion relation of the slab with n=3.4641 in air. Here S =|B|. The ar (w/c= ) and materid (w/c=ng)
lightlines are shown, which divide the phase space into Region [A]: > nw/c, [B]: w/c< B<nw/c, and [C]:
p<wlc. The operating frequency w=0.075(27c/ a) is aso highlighted.

At a fixed frequency, thermal fields at z, consist of waves that are either propagating or evanescent in the direction
normal to the slab surface, depending on the spatial wavenumber S . Thisis seen with reference to Eq. (10), in which

W(x,zo,w) can be written with integration range separated into S e [nw/c,~), fe[w/c,nw/c] and fe[0,w/c]:
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W(X,Zy, @) = (Jm +me/c )we”” 1% girenso () +jw/cweiﬁx°°s”’ ()
nolc Jaolc 27 0 27

(20)

Al —[B]\ | —[C]

- (W +W )+W .
The first two terms contain the factor expli(y, - 7)z] , which determine the range of z, tha they dominate. The first
term W' , with the range of integration S [nw/c,<), describes contributions from waves that are evanescent both
inside and outside the slab. In this range of 4, the integrand in Eq. (20) appears as a broadband spectrum of £ . This
gives riseto anarrow peak in W(x, z,,w) around x=0. Thisterm is significant only when z, is very closeto zero, i.e.
at the “extreme near-field zone’. The second term W'~ consists of waves with pelwl/c,nw/c] tha are evanescent
only outside the slab. Waveguide modes can exist for certain values of £ which manifest as poles in the transmission
coefficients | T, (8,2, @) [ . These poles result in the oscillatory behavior of W(x,z,,) as a function of x. w s
significant when z, is comparable to the evanescent decay lengths of the waveguide modes, i.e. at the “intermediate
near-field zone’. The third term W'’ is independent of z, as y, isreal for Se[0,w/c]. This term represents the

contribution from propagating waves, and dominates in the far field when evanescent waves become negligible.

To elaborate the above physical picture, in Fig. 3-Fig. 6, we show the result of all components of the normalized cross-
spectral density tensor W, (X, z,, @) /W,,(x=0, zo,a))|n:x‘Y‘Z as a function of x at some chosen values of z,, which are

respectively at the extreme near-field zone ( z, = 0.001a < d ), the intermediate near-field zone ( z, = 0.02a,200a ), and
the far-field zone (z,=200a>d). The corresponding normalized S -spectra i.e
BIW s (8,0, 2y, @) +Woy (8,0, 2y, 0)] Wy (X =0, Z,, @) +W,, (x=0, 2, )] and fWzz (8, zy,®) Wy, (x=0,2y,0) , are
also plotted asafunction of . Thenormalization is such that the integrated area underneath each 3 -spectra curve, i.e.

j:[dﬁ/(Zﬂ)]f (f) ,is 1. Theoperating frequency isfixed at w=0.075(2zc/a) inall cases.

Fig. 3(a) shows W(X, z,,w) asafunction of x, a z, =0.001a It is clearly seen that, in this extreme near-field zone, the
degree of coherence decreases rapidly with x for all W,, , W,, and W,, . The coherence length, as defined in Eq. (19) is
£=113x10"2 ~ z,. This is much smaller than the thickness of the dab, and the skin depth A/[271m(n,)] of the
material, which is equal t01.47x10%a for our operating wavel ength. The extremely short coherence length here reflects
the domination of W' in Eq. (20). Thisisreaffirmed in Fig. 3(b), where we plot ﬁ(ﬁ, z,,) asafunctionof §.The

integral of ﬁ(ﬁ,%,w) with respect to S isclearly dominated by region [A].
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Fig. 3. (a) Components of the normalized cross-spectra densty tensor Wnn(x,zo,w)/Wnn(x:O,zo,w)|n:X,Y,Z of the
didectric dab in Fig. 1, as defined in Egs. (11) - (13) & 27 =0.001a from the slab surface with
w=0.075(2zc/a) . (b) Corresponding normalized [ -spectrafor thein-plane (XX+YY) and ZZ field components,
ie. BIW o (8.8, 25, @) +Wer (8,0, 2, )] [Wi (X = 0,2, ) + Wy (X = 0, 2,, )] and
,b’sz(,B,zO,w)/WZZ(x:O,zo,w), as defined in Eq. (18) and Eq. (15). The S -space is divided in the same
manner as in Fig. 2 with region [A], 8> nw/c; Region [B], w/c< f<nw/c and Region [C], f<w/c. The
operating frequency is w=0.075(2zc/a) .

Physically, the short range of coherence in the extreme near field can be understood as follows: For p-polarized field, the
electric field has a z-component that is perpendicular to the dielectric-air interfaces. The discontinuity of dielectric
congtant results in the presence of surface charges at the interface, which are thermally induced and are spatially
fluctuating as described by the fluctuating-dissipation theorem. Since the el ectric field divergesin the vicinity of a point
charge, the coherence length becomes very small for the electric field. For s-polarized field, the electric field is parallel
to the interface and there is no corresponding charge. Hence the coherence length does not approach zero in the extreme
near-field zone for purely s-polarized field. W,, , W,, , and W,, , however, &l have contributions from p-polarized field

as seen in Egs. (11)-(13), and hence dl have very small coherence lengthsin thisregime.

Fig. 4(a) shows W(x, z,, @) a z =0.02a. In this case, both W'~ and W' contribute significantly. As shown in Fig.
4(b), the areas under the curves of AW (3, z,,m) intherange B> nw/c and w/c< f<nw/c areof the same order.
As a result, W(x,zo,w) shows both features: a narrow peak for small x due to W™ and an oscillating behavior for

larger x attributed to W™ A kink shows up where the narrow peak connects to the oscillatory part. The coherence
pattern is therefore characterized by two length scales. one characterizes the width of the narrow peak, and another one
characterizes the decaying oscillatory behavior.

[C] |[BI} _ [A]

210

2 (b) == XX+YY
3 075 £ 100 — 77
= g

G 05 3

=3 a

&\ ke

5 025 |

3 O :

RS S

£_0.25 <

Z 0 5 10 15 20 107 107 10° 10’

x/a (Ba)/(2m)

Fig. 4. SameasFig. 3, except z,=0.02a. Theinset in (a) highlights theregion 0< x<0.5a.

Fig. 5(a) shows W(x,zo,w) as afunction of x at z, =1a. Thisis consistent with Fig. 5(b), which shows that W ,.e,

the area under the curves ﬁsz(ﬁ,zo,w) in therange fe[w/c,Re(n, )w/c], dominates the integra in Eq. (20). The
coherence length, £ =1.341 , as caculated from Eq. (19), islonger than A/2 of the blackbody.?® Such enhancement of

coherence is due to the dab waveguide modes, as indicated by the dominance of W' . Also seen from Fig. 5(a) is that
coherence enhancement occurs in al field components, though with a varying degree. This is distinct from the
polaritonic-induced coherence enhancement which occurs only on the x-z plane.™
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Fig. 5. SameasFig. 3, except z,=1a.

In thisregime, nevertheless, al components of the cross-spectral density tensor still decay as a function of x because of
the following two factors:

(1). In the range @/c< fB<nw/c, guided modes determine the location of the poles of |T.(3,z'w)[ and
I T, (8,2, w) |*. These resonance peaks result in the long-ranged oscillatory behavior in the cross-spectral density tensor.
When lossis present in the dab, however, these peaks gain finite width and the range of coherence isthus limited.

(2). The second factor for the decay isin fact purely geometrical due to the three-dimensiona nature of the problem, and
is therefore independent of the loss. In the case where loss in the waveguide is very small, at the lowest order,
j_(’adz'ns(ﬁ,z',w) P-ad(f-pA.), and j_oadz'lTp (B.2\w)~a,6(-p,) with O<a,a<l. a ad a, ae

proportional to the area of the bounded regions by the curve Wi +Wy around the s- and p- poles. Hence, from Egs.
(11) - (13), the components of the cross-spectral density tensor take the following forms.

J
Wi (%.2000)] iy o0 = T (Z0:) as(zo,w)Lﬁsxhap(zo,w){Jo(ﬁpx)— 10 “X’J (21)
Bx BoX
J
Wy (%, 20, ey y 0 = Fo (201 ) as(zo,w{ao(ﬁsx)—Lﬁsx’}ap(zo,w) ki "X’} (22)
Bx Box
Waz (X 20,0)im(n, 10 = T2z (20, @) Jo(BpX) (23)

where f,, (7,,®) = f,,(z,,®) . Since both J,(#x) and J,(5Xx)/(X) decrease as a function of x, the components of
the cross-spectral density tensor decrease with x even when loss is infinitessimal. Moreover, from Egs. (21) - (23),
Tr[\TV(x)]:WXX () + Wy (X) + W, (X) = fa Jo(BX) + (fa, + ;). (B,X), the envelop of the trace of the cross-
spectral density tensor decays asymptotically as 1/+/x when thelossis small.

Fig. 6(a) and (b) show W(x, z,,w) a z,=200a(=151). At thisfar-field zone, al contribution from evanescent waves
(i.,e. B> wl/c) becomes negligible. Only the radiative components from Region [C] (i.e. S < w/c) survive, as seen
from Fig. 6(b). The coherence length as cal culated from Eq. (19) is & = 0.5034 , which is close to the blackbody value,®
and is smaller than that in the intermediate near-field zone. The envelop of the trace of the cross-spectra density tensor

also decays approximately as 1/ x, which is similar to the behavior of a blackbody,?® but differs from the intermediate
near-field zone by an exponent factor of 1/2.
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Fig. 6. Same asFig. 3, except z, =200a, and in (b) Region [A] is not shown.

In Fig. 7, we plot the coherence length as a function of z, at w=0.075(2zc/a), which summarizes the coherence
properties of the system. For comparison purposes, the case of a semi-infinite block with the same dielectric constant is
also plotted. At the far-field and the extreme near-field zones, the coherence lengths for the two cases almost coincide.
The contribution of the waveguide modes is only prominent in the intermediate near-fidld zone. For £"=107, the
maximum coherence lengthis 1.44 at z, =6.3a.
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10° 10?2 107 10° 10’ 10

zy/a

Fig. 7. Coherence length £(z,) asafunction of distance z, from the air-dielectric interface. Coherence length is calculated

according to Eqg. (19) with the operating frequency w=0.075(2zc/a) . The solid line is the case of a dab with
thickness a . The dashed line shows the case of the corresponding semi-infinite block, with all material constants
the same asin the dab.

3.2 Local energy spectral density at constant separation from the sab

The trace of the cross-spectral density tensor a x =0 isproportional to thelocal energy spectral density 1 (z,,@):
| (29,0) =[&, /(27°)]Tr [W(x=0,2,,) . (24)
I (z,,@) isdefined such that the energy density at z, is J‘:dwl (z,, @) . The contribution of each field component to the

total local energy  spectra density can be  seen by expressing Eq. (24) as

|(zo,w)=[eo/(27z2)]zn:“zwm(x=o,zo,w) with Wy =W,y a x=0. The quantity 1(z,,@) is of interest, for
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example, in thermally-induced forces between nano-devices, as well as in near-field spectroscopy.®* ° Below we focus
on the behavior of |(z,,w) asafunction of @ at afixed distancez, =1a from the slab. The variation of frequency also
allows one to span the extreme near-fidd, the intermediate near-field, and the far-field zones, as previousy described.

We define the temperature-independent normalized local energy spectral density 1™ (z,,w) as

1(z,, w)
[l (7 @) = , 25
(% ) = T (272 (29)
where the normalization factor @’©(w,T)/(27°c?) is equal to the energy spectral density from a semi-infinite

blackbody block with diglectric constant e= lim g'+ig". The 1/2 factor is due to the fact that the radiation only

e'>1,e">0
propagates outward from the blackbody. 11™™(z,,®) is dimensionless and is less than or equal to one at far field. At
near field, however, it can exceed 1 due to the contributions from evanescent waves.?

In Fig. 8 we plot the normalized e\W,, (x= 0, z, =1a,w)/(2r%) and ey (X =0,2, =1a,w)/(27?) asafunction of .
In the intermediate near-field zone 0.01(2zc/a) < w/ <10(2zc/a), oscillations arise as a function of frequency. The
oscillation pattern can be understood by considering the corresponding dispersion relation of the waveguide modes
shown in Fig. 9(@ and (b) for the frequency range of 0.2(2zc/a) < w<0.7(2zc/a), where oscillation pattern is
discernible. For the E, field, which is primarily dominated by contributions from the s-polarized wave (and in fact is
completely dominated by the s-polarized wave at the cut-off), the peaks in energy spectral density coincide with the
cutoff frequencies of the s-polarized waveguide modes, since at the cutoff of each mode the decay length of the guided
mode in air is infinitely large. As the operating frequency moves away from the cutoff, the guided mode shifts away
from the light line and the vertical decay length decreases. Thus the local energy spectral density drops accordingly until
the cutoff of the next-order guided mode appears.

210% ,
2 0 vy
o 2N — Z7Z ||
8 100? \\ RN .
o N > N
2 —_———
> S —
S ¢ ]
(]
S 02l
_010 3 E
P
N
= L ]
£
‘:ZD'IO'4

107 10° 10? 10*

o (2nc/a)

Fig. 8. The plot of YY and ZZ contributions to the normalized local energy spectral density 1™™(z,w) a z =a, asa
function of . The dashed line (YY) is W, (x=0,z =a,w)/(2z*) and the solid line (Z2) is
£\, (x=0,2, = a,0)/(2r") and both are normalized by [ @’©(,T) /(27°C%) |.
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Fig. 9. (8 The YY and ZZ contributions to the normaized local energy spectral density 1™ (z,w) at the range
0.2(27c/a) < w< 0.7(2zc/a) which shows oscillatory patterns. (b) The dispersion relation of the corresponding

lossless slab of the same thickness with refractive index n=3.4641, plotted at the same frequency range of
0.2(27c)/a< w! <0.7(2xc)/ a, to illustrate the correspondence of the fluctuation pattern in (a) withthesand p

waveguide modes. The lightline w/c= f isaso shown.

We also notice a significant difference in the oscillatory patterns between the E, and E, contributions to the total energy
spectral density. Note that E, is totally attributed to the p-polarized field, while E, is related to both s- and p- polarized
fields. Although cutoff frequencies of s- and the p- polarized modes are the same for each order of waveguide mode, in
the immediate vicinity above the cutoffs, the dispersion relation for the p-polarized guided modes stays very close to the
light line. Hence the energy spectral density from E, continues to increase as frequency increases, until the dispersion
curve of the p-polarized guided modes significantly deviates from the light line. Therefore, while the peaks from E, are
located approximately at the cut-offs, the maxima from E;, are located away from the cutoffs. We also note that there are
secondary maxima for E,, with locations approximately coincide with that of the E,-field. Such maxima arise from
contribution of p-polarized fiedd. Finaly, athough not shown here, the total spectral energy density
1 (z, = a,w) = £,(2N,, +W,, ) /(2z?) aso oscillates in the intermediate near-field zone with the same oscillation period

in frequency.

In the low frequency limit, when the dlab is in the single mode regime, no oscillatory pattern exists and the local energy
spectral density increases monotonously at decreasing frequency. This is in fact a signature of the regime of extreme
near field, in which energy spectral density increases exponentially with decreased vertical separation from adab. Inthe
high frequency limit, oscillation disappears as all evanescent components become negligible. In fact, the high frequency
limit of the normalized energy spectral density is determined by the emissivity of the dab.

4. CONCLUSION

In summary, we have derived from first principle the coherence property of the radiative thermal field from a uniform
dielectric dab with loss. For a given frequency w, coherence length is extremely short at close proximity from the dab.
At a distance of roughly the evanescent length of the waveguide resonances, long-ranged coherence is possible due to
dab waveguide modes. At the far-field zone, the coherence length is reduced to approximately A/2, which is close to

the blackbody value.?® Also, in the case of small loss (for example ¢ =107 asin thisarticle), the envelop of the trace of
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the cross-spectral density tensor decays approximately as 1//x a the intermediate near field, in contrast to ~1/x in
the far field, where x refersto displacement paralel to the dab surface.

The existence of long-ranged coherence from a dielectric dab is a significant result, since until now, this effect is known
to exist only with special type of materials that alow the formation of surface polaritons.™ In this article, we show that
long-ranged coherence can be achieved for any dielectric dab. Such long-ranged coherence can be exploited to control
the spatial and polarization dependence of the coherence in the far field by introducing grating structures on the surface
of the didlectric dab. Furthermore, the strong enhancement of the local energy spectra density in the extreme near field
may be useful in thermal photovoltaic applications.> %
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